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ABSTEACT 


In the Sltylab M551 metals melting experiment, electron beam welding studies were 
conducted on tl^ree different materials; namely, 2219-T87 aluminum alloy, 304L stainless 
steel, and commercially pure tantalum (0, 5 wt % columbium). Welds were made in both one 
gravity and zero gravity (Slcylab) environments. Segments from each of tlie welds were in- 
vestigated by microhardness, optical microscopy, scamiing microscopy, and electron probe 
teclmiques. The macro structural and microstructural features observed in the welds 
served as a basis for conducting the scanning microscope and microprobe studies. For 
example, in all the 2219- T87 aluminum alloy samples, macroscopic banding and the presence 
of a eutectic phase in the grain boundaries of the heat affected zone were obseiwed. Subse- 
quent microprobe studies showed that inverse segregation in the fusion zone and the segre- 
gation of copper was greater in the Skylab sample than in die comparable groimd base 
sample. All die stainless steel samples exliibited a sharp weld interface and macroscopic 
bands. As a result, the variations in microchemistry in these areas were explored. The 
primary microstructural features found in the tantalum samples is the presence of either 
colmnnar grains ground base) or equiaxed gi’ams (Skylab). Microchemical studies of these 
samples showed that ground base samples exliibited normal, macrosegregation in the weld, 
i. e. , increasing solute concentration at the center of the fusion zone. The Skylab samples , 
on the otiier hand, were uniform in concentration and did not exhibit any macrosegregation. 
The factors contributing to these effects are discussed and the role of reduced gravity in 
welding is considex*ed. 
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INTRODUCTION 


The M551 (Metals Melting) Slcyla)j experiment consisted of sequentially melting three 
rotating discs with an electron beam. The discs were made of a 2219-T87 aluminum alloy, 
304L stainless steel, and commercial grade tantalum (0.5 wt% columbium). In order to 
determine if any differences occurred as a result of welding in space, three snnilar discs 
were melted in a similar electron beam facility on earth. This investigation is a continua- 
tion of the characterization of the specimens begun by McKannan and otliers (Refs. 1-3). 

The electron beam vmit used for the melting experiment was operated at 20 kV and 50 
to 80 /jlA. In these studies the beam was positioned 6 cm from the plane of the disc and 
normal to it. The discs were i-otated, so that the tangential velocity at the point of impinge- 
ment of the beam was 1. 61 cm/sec. At the conclusion of the flight the three discs were re- 
turned to the Marshall Space Flight Center for evaluation. 

EXPERIMENTAL PROCEDURES 

Representative samples of each weld material generated in the experiment were re- 
ceived from NASA Marshall Space Flight Center in standard metallurgical mounts . Tlie 
2219-T87 alimiinum alloy and the 304L stainless steel were repolished witli alumina. The 
hardness surveys were conducted with a Reichei't microhardness tester, which was cali- 
brated in the following maimer. First, the length constant for the optical system was calcu- 
lated. After zeroing the weight scale, the deflection scale was calibrated using a standard 
series of weights from 5 to 100 grams. A plot of tile scale deflection vs applied weight 
agreed very well witli tlie factory calibration curve. Hardness traverses on die samples 
were then made using either 50 or 100 gram loads applied for 30 seconds. Two traverses 
were usually made on both the cross and crown sections. Hardness measurements were 
made 0. 24 mm apax't, except at the weld mterfaces where tliey were made 0. 1 min apai’t. 

The diagonals of the diamond indentation were measured in both directions , averaged , 
and converted to micrometers. From these values, tlie microliardness (H^) was deter- 
mined according to die following formida 

H^^ = 1834.4 — ^Kg/mm^ 
a 

where P is the load in grams and d is the diagonal length in mm. 

At tlie conclusion of the hardness surveys the samples were etched for further micro- 
structural studies. Tlie following etchants were used: 
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Alloy 

Etchant 

Features Revealed 

2219- T87 A1 

10ml HgPO^, 90ml HgO 
(50°C) 

Eutectic and rosette structiire 


Kellers etch 

General grain size and shape 

304L SS 

40ml HNO3. 10ml HCl, 
40ml Methanol 

Sigma, and carbide phases, 
dendi’itic structure, grain size 
and shape 

Ta - 0,5 w/o Gb 

30ml HE, 15ml HNOg, 
30ml HCl 

Grain size and shape 


The resulting inici'ostructures were examined with an optical mici'oscope and selected tea- 
tures of each sample were photographed at vaidous magnifications. 

Representative samples from botli tlie ground base and Slcylab experiments were ex- 
amined and compared using an AMR-1000 scanning electi'on microscope. The microstruc- 
ture of the weld metal, weld interface, and base metal heat affected zone were thoroughly 
examined. A chemical anatysis of selected featares in each sample was made with the 
energy dispersive x-ray analyzer. Based on these studies, an in-depth analysis of the 
aluminum alloy, the tantalum alloj'-, and on selected features of the stainless steel alloy was 
made using the electron probe micro analyzer. 

analytical results and discussion 

MACROSTRUCTURE 

Initially, both visual and low magnification examinations of all samples were conducted. 
These studies show that the weld fusion zone in the aluminum aiad stainless steel alloys pi'o- 
cessed aboard Sky lab are broader’ than comparable grormd base weld sections. The weld 
zones in tlie tantalum are approximately tire same size, with the groimd base samples having 
slightly larger zones. Such differences can be attributed to variations in the power profiles 
and beam focus, which were not controlled during the experiments. 

The appearance of the etched weld sections was different for each alloy studied. Tlie 
stmctui’e of the weld arid weld interface of the stainless steel samples in both the gi’oimd 
base and Skylab samples was clearly delineated. These regions in the aluminum alloy and 
tantalum are not as sliax'ply defined. The relative sharpness of the etched weld samples can 
be related to the thermal conductivity of the alloys and the metallurgical processes whicli 
occur in the heat affected zone. 
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It was fiu'ther noted tliat two of tlie Skylab aluminum alloy weld sections experienced 
hot tearing during solidification. This effect is common to alloy systems whose composi- 
tion lies between the pure metal and the eutectic composition. These effects and others will 
be considered further in the following sections. 

2219-T87 ALUMINUM ALLOY 

Miorohardness 

For this alloy two sets of samples, each consisting of a ground base and a Sltylab 
weld, were tested. Microhaxxiness data were taken on both the crown and cross section in 
two directions, i.e. , along the weld centerline and across die width of the weld. A com- 
parison of the results obtained along the centerline of die welds show diat no significant 
differences exist along the lengtli of the weld or from top to bottom. The horizontal tra- 
verses indicate that the weld metal is slightly softer tlian tlie base metal and the heat af- 
fected zone. These differences were consistent when the gromid base data were compared 
to the Skylab sample. Furthermore, the variation between sets of samples was insignifi- 
cant. The most significant hardness variation was found to correspond to die region adja- 
cent to die hot tear in die sample SL2, Fig. 1. 

Microstmcture 

The samples were first etched to reveal die distribution of grain size and shape, A 
comparison of the ground base and Sicylab samples showed several differences. Tlie crown 
section of sample SLl, shown in Fig. 2(a), a partial penetration sample, showed that there 
are three distinct types of grain structure; a fine grain chill zone adjacent to the base 
metal, a coluimiar zone of elongated grains, and an equiaxed grain zone in the center. In 
contrast, Fig. 2 (b), die gromid base partial penetration weld, has only two zones in the 
croum section, a fine grain chill zone, and a columnar zone. Banding was evident in both 
of these sections. 

The cross sectional segments of these welds also revealed a major difference; the 
thiclaiess of the fine grain chill zone varied in the Slcylalx sample but not in the ground base 
sample. Tliis is illustrated in Fig. 3. Tlie width of the zone increased as the root of the 
weld was approached. In aU probability, this is due eidier to partial melting or rapid 
melting and cooling in this area. Also, contributing to this condition is the liigh thermal 
conductivity of die metal and use of a defocused electron beam, thus changing the power 
profile. 
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Fig. 2 A Corr.parison of Growth Patterns in the Crown Sections of the Aluminum Alloy (2219) Weld 






A second set of samples was also examined. In this set the gromid base weld achieved 
almost full penetration, while tho Slcylab sample had full penetration and exliibited hot tears 
in die center of the weld. All the weld segments were found to have a imiform fine grain 
chill zone. The major difference found in this set of samples is the manner in which die 
colmnnar grains grow in die crown section. In the groimd base sample, tiie growth pattern 
is continuously changing, i. e. , it exliibits curvature as the center line is approached. The 
groivth direction is perpendicular to the maximum temperature gradient and this condition is 
foimd when weld speeds are high. Tlie comparable Slcylab sample, on the other hand, shows 
little directionality in its grovdh and the grains are more equiaxed. In addition, there is a 
distinct gradient of grain size from die intei'face to the center line of die weld. Similarly, 
the dendritic patterns in the Skylab sample tend to be equiaxed and coarser than those in the 
ground base (Fig. 4). 

When these samples were reetclied to reveal the eutectic distribution and the presence 
of rosettes, further differences were found. The 2219 aliuninum alloy is essentially an 
aluminum-copper bintiry alloy. In this system, the limit of solid solubility is in excess of 
5 weight percent copper with a eutectic comoosition of 33 weight percent copper. When this 
alloy solidifies, the eutectic composition will be found in the interdendritic regions within 
the grains, as well as at the grain boundaries. Melting occurs in those regions where 
compositions at oi’ close to the eutectic exist, when thej' are heated above the eutectic 
temperature (549’C). 

The aluminiun discs used in these studies were heat treated to the T87 condition. 

This combination of thermal treatment and cold work should homogenize the alloy. However, 
an examination of all die welds shows die presence of the eutectic phase in die heat affected 
zone. Tlie volume fraction of the eutectic as grain boundary melting rosettes, or distinct 
eutectic phase within the grains, is greater in the ground base samples than in those gener- 
ated ill space. Further-more, in die groimd base samples, the depth to which grain bomidai:y 
melting extends is also greater. At any given distance fi-oiii the weld interface, the grain 
boundary eutectic is thicker or coarser in these samples than for a comparable location in 
the space processed samples. Since the thermal conductivity of the alloy is constant in both 
emdronments , it may be concluded that the ground base welds experienced either a higher 
temperature or a longer time in die molten state than the Skj'lab welds. 

Cracks or hot tears were found in both of the full penetration aluminum alloy welds 
which were processed In space. Comparable ground base welds did not exhibit any cracks. 
There are two possible explanations for these cracks or tears. Cracks in welds can be 
caused by thermal stresses which are generated by nonlinear temperature gradients in die 
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Fig. 4 A Compari in of Dendrite Shape and Size in the Aluminum Alloy Welds 






solid. The nonlinearity is due to the transient nature of the welding process. Tlie tiiermal 
stresses generated in tliis manner are due in part to the alloy tiiermal conductivity and to 
the differences in contraction between the base metal and solidifying metal. The second 
possible reason for the cracks is hot tearing. In hiis case the solidification contraction is 
large enough to generate stresses which cause the metal to tear apart while there is still 
some liquid metal present. If sufficiem: molten metal is presehtj then it will flow into the 
hot tears and heal them. On the other hand, if the solidification process takes place very 
rapidly then there will be insufficient liquid to heal the teats. 

Microchemistry 

Microprobe traces talcen in several locations in the welds show that a high degree of 
solute segregation occurred during solidification. It was also observed that the degree of 
segregation is a function of the distance from the weld interface, i. e. , it decreases with 
increasing distance from the interface, Furthermore, the segregation ratio is much 
greater in the Skylab welds than in comparable ground base samples (Figs. 5, 6). 

On a microscopic scale the solute distribution, as observed in tliese welds, is not 
what would be predicted based upon die nonequilibrium equation of Scheil (Ref. 4). Macro- 
segregation effects must be an overriding influence which modifies the local composition 
and gives rise to the observed distribution. 

In order to undei’stand causes of macrosegregation, fluid flow must be considered. 
The effect of fluid flow on solute concentration is described by the differential equation 

_ (1-^) / 1 W-VT\ Sl 

- - (l-K) ^ 


where g = fraction of liquid, C = solute concentration in liquid, 0 = solidification shrinl^age, 
Ic = equilibrium partition ratio, V = interdendrltic flow velocity, T = temperature, and e = 

local rate of temperature change. In Eq. (1) the term — g is a dimensionless quantity 

which describes the local flow velocity perpendicular to isotherms, relative to the velocitj’- 
of the isotherm movement. In general, these quantities vary with time duxnng solidification. 


Wlien Eq. (1) is considered it can be shown that wlien 


i8 

1 -/3 


V-VT 

— — — — no macro- 


segregation occurs. However, when the flow term in Eq. (2) increases, the solute concentration 


is enhanced when flow occurs from cooler to hotter regions. Even small flow velocities 


result in significant compositional changes. For example, during the solidification of a 
4. 5 w/o copper-aluminum alloy, if the rate of isotherm movement is 0. 01 cm/sec and the 
flow velocity 0. 0005 cm/sec, tlien the final localized concentration is changed by 20%, i. e. , 
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Fig. 5 Variation in the Average Copper Concentration Along the Center Line of the Ground Base Weld 
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WEIGHT PERCENT COPPER 



DISTANCE IN MILLIMETERS FROM THE CROWN OF THE WELD 
Fig. 6 Variation in the Average Copper Concentration Along the Center Line of the Skylab Weld 
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5. 5 w/o copper. An alternate way of explaining tlie observed segregation pattern is to con- 
sider a change in the isotherm velocity with a constant flow velocity. Under these condi- 
tions a decreasing velocity of tlie isotherm will also cause an increase in the copper segre- 
gation. 

The Skylab sample has been shown to have a greater degree of macrosegregation than 
the ground base samples. Based on tlie analysis above, either the flow rates must be 
greater or the isotherm velocity is slower. All of tlie commonly accepted driving forces for 
flow are based on either intrinsic properties of tlie alloy or related to gravity effects. Tliis 
leaves us with second order effects , such as surface convection as the driving force, which 
are ovex’shadowed in a one gravity envii’onment. 

TANTALUM - 0.5 W/O COLUMBIUM 

IMicrohardness 

Tlie variations in hai’dness across the welds has been discussed previously and will 
not be considered furtlier (Ref. 5). 

Mici^ostxncture 

The croira sections of the Sl^ylab and ground base samples exhibit two modes of grain 
growth. The ground base samples and the Skylab sample with tlie smallest ci’oss sectional 
ax-ea all have columnar grains which have an epitaxial relationship with the grains at the 
weld interface (Fig. 7). These grains curve towards die welding direction, i.e. , they grow 
normal to the maximum temperature gi’adient. This growth form is associated on eai-th, 
foi’ a given power pi’ofile, with high welding speeds. An ac Jitional factor affecting die 
growth mode is die section size or the relative heat dissipating capability. 

The heavier section from Slcylab, however, exhibits equiaxed grains in the weld (Fig. 8). 
An examination of the grain structure pai’allel to the weld direction confii-med the equiaxed 
nature of the grains. Since the ground base and Skylab samples have equal cx’oss sections, 
then their heat dissipating capabilities ai-e equal. Equiaxed grains are associated with 
lower weld speeds or metal temperature for a given power pi'ofile. It can be concluded that 
eitiier die power profile or the welding speed, or both factors, were different in the Skylab 
experiment than those used in the ground base experiment. 

The heat affected zone in all the samples has a continuous change in grain size from 
the larger grains at the weld interface to the small gi’ains in the original worked structure. 
This variation in grain size is due to die thermal gradient which causes recrystallization of 
the worked structure and subsequent grain growth. Tlie width of this recrystaUized zone is 
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Fig. 7 A Comparison of Solidification Patterns in the Crown Sections of Thin Cross Section Tantalum Welds 
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Fig. 8 A Comparison of Solidification Patterns in the Crown Sections of Large Cross-Section Tantalum Welds 
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large due to tlie high melting point of the alloy (3000°C) and die relatively low recrystalliza- 

0 

tion temperature (1350 C). 

Microchemistry 

Microprobe data talcen on the ground base sample (Number 11) show that solute is re- 
jected to the grain boundaries in the base metal, heat affected zone, and to the center line of 
die weld metal (Fig. 9). The comparable Skylab sample exliibited die same variations in 
chemistry, but only in the base metal and heat affected zone (Fig. 10). The weld metal of 
the flight sample shows only small variations from grain to grain. Data collected on indi- 
vidual grains show only small chemistry variations from edge to edge, as shown in Fig. 11. 

A sufficient number of counts were collected during the data generation to assure that a 
high degree of statistical precision was maintained. Thus, it must be concluded diat the 
composition is relatively uniform tiiroughout an individual grain. 

304L STAINLESS STEEL 

Microhardness 

Microhardness measurements on the crown section were made along die weld center- 
line and across die width of the weld. The data from both die ground base and Slcylab 
samples showed no trends in either of tiie directions tested. Measurements were made at 
three different locations on die cross section segments of die welds. An examination of the 
data showed that no significant changes occur at the interface or at banding sites. It was 
concluded that the observed variations are of a statistical nature and therefore precluded 
any analysis. 

Microstructure 

The most strddng feature of these welds is the sharply delineated weld interface. Tlie 
sharpness is due to the low thermal conductivity of die alloy, as there is a sharp tempera- 
ture gradient across the interface which results in a narrow heat affected zone. Due to die 
narrowness of the zone the surrounding microstiticture in the base metal is virtually un-xf- 
fected. The only observable change is the increase in the number of twins near the interface. 
The macrostructure of the ground base' and Slcylab welds reveals heavy banding and mider 
polarized light, large columnar grains are seen. 

An examination of die weld interface at high magnifications reveals that die interface 
is a thin (~0.002 mm) featureless band, whose continuity is occasionally broken by grains 
which grow into the melt. 


COLUMBIUM DISTRIBUTION SAMPLE NO. GB11 











COLUMBIUM DISTRIBUTION SAMPLE NO SL11 
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DISTANCE IN MICROMETERS 



WEIGHT FRACTION OF COLUMBIUM 


GRAIN BOUNDARY 


CENTER LINE GRAIN BOUNDARY 

GRAIN 



Fig. n Schematic of the Variations in Microchemistry of Individual Grains in the Tantalum Alloy Weld 
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At tlie termination of this initial transient the solidification mode changes to c'^Uular 
growth, see Pig. 12(a). The presence of tliis gro^vtll form implies that constitutioi . Super- 
cooling of the liquid took place during solidification. During the fx’eezing of the initial ti'an- 
sient the conditions which are necessary to promote constitutional supercooling, such as the 
growth rate and temperatiii’e gradient in the liquid, ax’e established. Once the cellular 
groxvth is initiated tlie intercellular I'egions should become enrichod in solute. This gx’owth 
mode is periodically intexrapted by banding. Tliese bands, which ax'e also featureless, 
appear to be tlie result of a melt back, tliat changes the melting temperature and alters tlie 
conditions for cellular growth. The distribution of the elements in these two areas will be 
discussed in tJie micro chemisti-y section, hi spite of the interi’uption of the fjellular mode 
by tlie bands, it is I’einitiated and continues for some distance into the melt. Ultimately, the 
cellular mode becomes unstable and fox’ms cellular dendrites. This transition is in part due 
to the accumulation of solute in the intex'dendritic regions. Once tliis transition occurs the 
cellular dendrites dominate the I’emaindex' of tlie solidifcation. 

Mici'oclicniistry 

Based on the mici’ostxaictural evaluation, two areas were selected for mieroeliemical 
studies. The first area encompasses the weld intex’face, i.e. , the base metal, tlie Initial 
solidification transient, and tlie cellular solidification zone. Tlie second area is tiie region 
about the bands, i.e. , the cellular solidification segments on either side of a band and the 
band itself. 

An examination of Fig. 13 shows there is no change in the base metal chemisti’y right 
up to tlie weld interface. The chemistx’y of the tiiiual ti’ansient shows a constantly increasing 
clu'omlum content With a cori'esponding decrease in iron and nickel. The cellular stx’ucture 
is incubated when the values of G (temperature gradient) and R (gi-owtli rate) are established 
in die initial ti'ansient and when the solute is built up sufficiently in the liquid to cause con- 
stitutional supercooling. The microcliemisti'y of the cells, as shown schematically in Pig. 
13, is depleted in chx’omium, whereas die intercellular regions are enriched in chromium. 
The partitioning of one or more of the solutes in this manner would be expected when con- 
stitutional supex’cooling occux’s. . 

The changes in die chemistxy of die solidification pi'ocess in the vicinity of the bands 
were examined and schematically represented in Pig. 14. As illustrated in this figure the 
behavior of ix’on and nickel is similar and opposite that of chromium. It is clear from this 
study tiiat tliere is a zone just before die band which lias an increasing chromium content in 
the intercellular region and a corresponding decrease in chx-omium within the cells . The 
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Fig. 12 Solidification Modes Found in Stainless Steel Alloy Welds A) Initial Transient and Cellular B) Cellular Dendrites 
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Fig 13 Schematic of the Variations in Microchemistry at the Weld Interface in the Stainless Steel Welds 
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Fig. 14 Schematic of the Microchemistry Changes Across a Band in the Stainless Steel Welds 
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initial portion of the band is rich in iron and nickel and depleted in chromium. Tlie latter 
part of the band has been foimd to be increasingly rich in chromium and tliis zone is similar 
to tiie initial transient at the weld Interface. Tlie partitioning of the solute elements in die 
cells and the intercellular regions is die same as found in the initial cellular solidification 
region. A possible explanation foi' this sequence is that there is an increase in die growth 
rate of die cells. Tliis would result in die increased rejection of chromium and a rise in 
the temperature of the liquid metal due to die latent heat of fusion and the inability of die 
liquid to dissipate die increased heat content. Tlie advancing cells would at some point be- 
come unstable due to their chemistry, tiie chemistry in the intercellular regions, the chem- 
istry of the liquid, and the increasing temperature, thus resulting in a melt back. Tlie 
liquid would now have an iron-nickel rich zone at the solid-liquid interface. Wlien diis zone 
resolidifies, die initial solidified material would be, as observed, iron-nickel rich. Subse- 
quent solidification after this layer would be similar to that oberved in tiie initial transient 
at the weld interface, i. e. , an increase in the chromium content. The changes in micro- 
chemistry would result, in part, in reestablishing the conditions for constitutional super- 
cooling which would eventually reinitiate cellular solidification. 

CONCLUSIONS 

This study was conducted to continue the characterization studies initiated by 
McKannan (Ref. 1). In these initial studies it was reported that the welds in die Skylab 
samples had small equiazed grains, whereas the ground base samples contained large 
columnar grain. 

Tlie optical microscopy and scanning microscopy studies conducted in this study con- 
firmed these findings and further showed diat the micro structure of die heat affected zone 
can be correlated with the thermal conductivity of the alloy. Additional microscopy studies 
were conducted on the aluminum alloy fusion zones with several etchants. It was shmvn that 
differences in die size and shape of die dendrites , as well as in the volume fraction of the 
eutectic phase, exist between the two sets of samples and these differences could be related 
to the microchemistry. 

Microcliemical mapping of these' samples revealed significant differences in the re- 
distribution of die solute in aluminum and tantalum samples processed in space. Although 
not Icnown, diese studies pointed out that in order to pi’ovide a complete analysts , the thermal 
parameters G (thermal gradient) and 3, (growth rate) must be defined. Therefore, in any 
future experiments not only must these parameters be defined but they must also be con- 
trolled. Furthermore, these current results indicate that ordinary second order effects, 
such as surface • onvection, are die predominant driving forces in space. Any future welding 
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experimentation should be designed to define these forces and the conditions under which the}' 
predominate. 

Finally, these resiilts indicate that differences existed between tlie ground and Skylab 
weld parameters and that they are in part responsible for the observed differences in mi- 
crostructure and micro chemistry. 

FUTURE WORK 

It is clear from tliis investigation that heat extraction and fluid flow pl'-o an important 
role during solidification. Most of the conventional driving forces described for flow are 
eitlier intrinsic properties of tlie material, for example, solidification shrinicage, or gravity 
related, such as convection. Tlie evidence gathered in this study indicates that flow is in- 
creased in space which results in increased segregation of the solute in the 2219 aluminum 
alloy. Additional experiments should be designed and conducted to determine what the 
driving forces are and,imder what conditions tliey manifest themselves. Furthermore, the 
effect^,(jf this segregation on the mechanical properties of tlie materials should also be exam- 

.r' 

ined in order to determine what effect it will have on large structures erected in space. 
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